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In the present paper, we propose a new way to classify centrosymmetric metals by studying the
Zeeman effect caused by an external magnetic field described by the momentum dependent g-factor
tensor on the Fermi surfaces. Nontrivial U(1) Berry’s phase and curvature can be generated once the
otherwise degenerate Fermi surfaces are splitted by the Zeeman effect, which will be determined by
both the intrinsic band structure and the structure of g-factor tensor on the manifold of the Fermi
surfaces. Such Zeeman effect generated Berry’s phase and curvature can lead to three important
experimental effects, modification of spin-zero effect, Zeeman effect induced Fermi surface Chern
number and the in-plane anomalous Hall effect. By first principle calculations, we study all these
effects on two typical material, ZrTe5 and TaAs2 and the results are in good agreement with the
existing experiments.
I. INTRODUCTION
How does a condensed matter system response to an
external magnetic field is one of the key properties sig-
naling its low energy electronic structure. For metallic
systems, most of the magnetic responses, such as quan-
tum oscillation spectrum, magneto resistance and Hall
effects, are determined by the Bloch states at the Fermi
surfaces(FS) only, where in nonmagnetic centrosymmet-
ric metals the effects caused by the magnetic field can be
ascribed to two types, the Zeeman effect that splits the
otherwise degenerate bands and the orbital effect that
leads to Landau levels. Without magnetic field, due to
the time reversal and inversion symmetries, the Fermi
surfaces always have two fold degeneracy and the Berry’s
connection in this case is SU(2) and traceless. Once a
magnetic field is applied, the Zeeman effect described by
a momentum dependent 2×2 g-factor tensor will split the
doubly degenerate FS into two separate ones, with each
one of them being treated as a non-degenerate system
carrying ordinary U(1) Berry’s connection (curvature),
which is crucial to determine the low energy dynamics of
the Bloch electrons around the FS. Most importantly, the
Zeeman effect induced U(1) Berry’s curvature could be
very large in metals with large spin orbital coupling and
leads to several interesting physical phenomena, which
have been overlooked for decades.
In general, for such systems the Zeeman effect are de-
scribed by the g-factor tensor which can be expressed
as a momentum dependent vector valued 2×2 matrix
gˆ(k). As discussed in detail previously[1–3], the re-
normalization of the g-factor tensor from its vacuum
value as well as its k-dependence are both caused by the
high energy bands through the down folding process, or
equivalently due to the effective screening process for the
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diamagnetic current. After down folding to the lowest
bands forming the FS, the Zeeman effect induced Berrys
connection can be fully determined by the g factor tensor
gˆ(k) and the original SU(2) non-Abelian Berrys connec-
tion Aˆ(k) on the FS.
Such Zeeman effect induced Berrys connection can lead
to many interesting physical phenomena. First of all, the
induced Berrys connection will contribute a phase to the
quantization condition for Landau orbits, which can be
detected directly by the quantum oscillation spectrum[4–
6]. As will be introduced below, such additional phase
will strongly modify the “spin-zero effect[7] in these ma-
terials, in which the amplitude of quantum oscillation will
vanish completely at some special angles determined by
the Zeeman effect. In traditional materials, the “spin-
zero” angles are fully determined by the splitting of
the areas enclosed by Landau orbits for two different
“spin”[7]. While, for metals with strong spin orbital cou-
pling these “spin-zero” angles acquired considerable con-
tributions from Zeeman induced Berry’s phases accumu-
lated on two different Landau orbits, which will greatly
change the “spin-zero” angles. Secondly, the Zeeman in-
duced Berrys curvature will contribute to the Hall effect
in addition to the ordinary Lorentz force, which has the
same origin with the anomalous Hall effect[8–10] in the
ferromagnetic metals. When the magnetic field is ap-
plied within the plane, the Lorentz force can be neglected
and such a in-plane anomalous Hall effect is mainly con-
tributed by the Zeeman effect induced Berrys curvature
and can be quite pronounced in some materials as shown
below. Last, most interestingly, such Zeeman induced
Berrys curvature can be integrated over each particular
closed FS and leads to topological metal phase[11–20] un-
der the magnetic field if such integrations reach nonzero
integers. In such cases, these otherwise degenerate FS
will split into two with opposite nonzero Chern num-
bers, which will lead to similar chiral magnetic effect[21–
23] and negative magneto-resistance[24–26] as those Weyl
semimetals.
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2In the present paper, we will first introduce the gen-
eral theory for the Zeeman induced Berry’s connection
in nonmagnetic centrosymmetric metals. After that, we
will take ZrTe5 and TaAs2 as two typical examples to
introduce the “spin-zero” effect, in-plane anomalous Hall
effect and the field induced topological metals in these
material systems.
II. THEORY
In nonmagnetic centrosymmetric systems, the Bloch
states are always doubly degenerate at any k point, which
is guaranteed by the combination of time reversal and
space inversion symmetry PT . There is a SU(2) gauge
freedom stemming from the degenerate subspace at each
k point, and the non-Abelian traceless Berry connection
Aˆaa′(k) = i〈ψa|∂kψa′〉 and Berry curvature Fˆ(k) =
∇k × Aˆ − iAˆ × Aˆ can be defined, which determines
the low energy dynamics for the quasi-particles near the
Fermi level. Under an U(2) gauge transformation Uˆ(k),
the above Berry’s connection and curvature are trans-
formed in the following way[27]: Aˆ′ = Uˆ†AˆUˆ + iUˆ†∂kUˆ ,
Fˆ ′ = U†FˆU . When magnetic field is applied, the Zee-
man’s coupling Hˆzaa′ = µB gˆaa′(k) ·B will break the time
reversal symmetry and split the degenerate states. In this
case, the Berry connection reduces to U(1) and can be
obtained from the the previous SU(2) Berry’s connection
Aˆ(k) and a specific SU(2) matrix Uˆ(k) which diagonal-
ize the Zeeman’s coupling at each particular k point as
A± = ± 12Tr[Uˆ†AˆUˆ σˆz + iUˆ†∂kUˆ σˆz] with the ± sign rep-
resenting the two branches of bands after splitting. Since
the original SU(2) Berry’s connection Aˆ(k) is traceless,
we always have A+ = −A−. Details about the prop-
erties of SU(2) Berry’s connection under PT symmetry
are given in Appendix A. It is worth emphasizing that
the U(1) Berry’s connection A±(k) is determined not
only by the topological features of the degenerate band
structure before the Zeeman splitting, the SU(2) Berry’s
connection Aˆ(k), but also by the topological structure
hidden in the k-dependent g-factor gˆ(k). Therefore, to
determine the topological features of a metallic system
with Zeeman splitted FS, the dependence of the g-factor
on the FS is essential.
In solid state systems, not only the spin but also the
orbital responses contribute to the g-factor. The spin
contribution gˆs can be calculated directly from the cor-
responding Bloch functions. In our previous paper[3],
we have already developed the computational method to
compute the orbital contribution gˆo, which will be briefly
sketched here. Around the wave vectorK, the “bare” k·p
Hamiltonian has the form [28]
Hˆnn′ = δnn′
(
n +
~2k2
2me
)
+ vˆnn′ · k (1)
An unitary transformation can be obtained by the quasi-
degenerate perturbation to decouple the subspace we fo-
cus on (called “low-energy subspace”) from all the other
bands (called “high-energy subspace”)[28, 29]
Hˆmm′ = δmm′
(
m +
~2k2
2me
)
+ vˆmm′ · k
+
1
2
∑
l,ij
(
1
m − l +
1
m′ − l
)
vˆimlvˆ
j
lm′k
ikj (2)
, where the index m,m′ are the band indexes for
the low-energy subspace, and l is the band in-
dex for the high-energy subspace. In the pres-
ence of magnetic field, according to Perierls substi-
tution the momentums ki should be replaced by the
canonical momentum operators ki → (−i∂i + e~Ai),
where Ai is the vector potential. Hence kikj →(−i∂i + e~Ai) (−i∂j + e~Aj), which can be decom-
posed into a gauge dependent symmetric component
1
2
{−i∂i + e~Ai,−i∂j + e~Aj} and a gauge invariant anti-
symmetric component 12
[−i∂i + e~Ai,−i∂j + e~Aj] =
− ie2~
∑
k εijkBk which contributes to orbital Zeeman’s
coupling. In summary, under magnetic field the total
Hamiltonian consists of two parts: a gauge dependent
part which leads to Landau level HLmm′ and a gauge in-
variant part which is the Zeeman’s coupling HZmm′ , which
can be written as,
HˆLmm′ =δmm′m + vˆmm′ ·
(
−i∇+ e
~
A
)
+
∑
ij
Mˆ ijmm′
(
−i∂i + e
~
Ai
)(
−i∂j + e
~
Aj
)
(3)
HˆZmm′ = µB(gˆ
o
mm′ + gˆ
s
mm′) ·B (4)
where
Mˆ ijmm′ = δmm′δij
~2
2me
+
1
4
∑
l
(
1
m − l +
1
m′ − l
)
×
(
vˆimlvˆ
j
lm′ + vˆ
j
mlvˆ
i
lm′
)
(5)
gˆomm′ = −
ime
2~2
∑
l,ijk
(
1
m − l +
1
m′ − l
)
vˆimlvˆ
j
lm′εijkek
(6)
Here ek is the unit direction vector. The corresponding
g-factor contributed by the spin part can be obtained
straightforwardly as gˆsmm′ =
2
~ 〈ψm|sˆ|ψm′〉, where sˆ is
the spin operator.
III. VANISHING QUANTUM OSCILLATIONS
The first observable that manifests the momentum and
field direction dependence of the Zeemans coupling is
the “spin-zero” effect[7], where the Shubnikov-de Haas
3Oscillation(SdH) or De Haas Von Alphen (dHV) ef-
fect vanishes when the field is applied along some spe-
cial directions. The SdH or dHV effect is the oscilla-
tion of the resistance or magnetic susceptibility that oc-
curs under magnetic field. According to the Lifshitz-
Kosevich formula, in the semiclassical limit the oscilla-
tions contributed by one FS are expressed as ∆ρ(B) ∝∑
ex cos(~Sex/eB + γ + φ), where Sex is the area of the
extreme cross-section for the FS along the magnetic field,
φ is the Berry phase over the boundary of the extreme
cross-section ∂Sex, the extra phase γ equals −pi/4 or pi/4
for maximum or minimum extreme cross-section respec-
tively and the sum is over the different extreme cross-
section area. A striking effect, called “spin-zero” ef-
fect, manifests itself as the vanishing of quantum oscilla-
tions at some certain field directions, could happen when
the doubly degenerate FS split into two under the Zee-
man effect and thus contribute two oscillation terms with
slightly different frequency and phases. More specifically,
the Zeeman effect described by the g-factor tensor gˆ(k)
leads to not only the splitting of the cross-section area
Sex = S
0
ex ± αB but also an extra splitting U(1) Berry
phase ±φ as we introduced above. Hence, by applying
the sum-to-product identity, the total oscillations of the
two splitting FS are expressed as
∆ρ(B) ∝ cos(~S
0
ex
eB
+ γ) cos(
~α
e
+ φ) (7)
,where
α =
∮
∂S0ex
√|det[µB gˆ(k) · eB ]|
χ|∇k(k)× eB | dk (8)
φ =
∮
∂S0ex
A+(k) · dk (9)
Here χ = −1 for electron-like valley, χ = 1 for hole-like
valley, (k) is the band energy of FS states at k, φ is the
Berry phase accumulated along one of the splitted FS’s
extreme area and eB is the direction of the magnetic field.
The last part of Eq.(7) Rs = cos(
~α
e +φ) is the amplitude
of oscillations which depends on the direction of magnetic
field. The “spin-zero” effect would happen at certain field
directions where Rs equals zero. We would emphasize
that for materials with strong SOC in order to obtain
the right field direction for the “spin-zero” effect one has
to compute both the coefficient α (for the splitting of FS
area) and φ (for the splitting of U(1) Berry phase). As
shown in Eq.(8) and (9), both of them can be obtained
from the k-dependent g-factor tensor on the FS (Details
are given in Appendix B).
The narrow gap semiconductor ZrTe5, which only has
small ellipsoid FS around the Γ point and shows strong
anisotropy[30–33], is an ideal platform to study the “spin-
zero” effect. With the parameters given in Ref.[3], we
calculate the oscillation amplitude factor of the oscilla-
tion Rs for all the field directions as illustrated in Fig.1,
from which we can obtain the angles of “spin-zero” which
are summarized and compared with experiments[34] in
Table.I. The theoretical results are consistent with the
experimental results only when the Berry phase contri-
butions are included. If we only consider the splitting
of FS area, the corresponding results can’t match the
experimental data even qualitatively.
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FIG. 1. Numerical calculations of the direction dependence
of oscillation amplitudes factor Rs(eB) based on GGA pa-
rameters given by Ref.[3] with Fermi energy µF = 0.026
eV(µF = 0 eV is at the middle of the gap) in ZrTe5. Os-
cillation amplitudes with Berry phase contribution (a) and
without Berry phase contribution (b) are plotted individually.
The angular for vanishing quantum oscillation are indicated
by bold red line. And the angles measured in Ref.[34] are in-
dicated by green dotted line. We only keep linear approxima-
tion of k because of the tiny FS in ZrTe5. Inset is a schematic
illustration of the geometry for axes. The FS is an ellipsoid
with principal semi-axes ka=0.118 nm
−1,kb=0.666 nm−1 and
kc=0.153 nm
−1 which agrees well with the experiments[34].
TABLE I. The angles of spin-zero effect
Theory Theory(no Berry phases) Experiment[34]
θbc 72.0 73.7 83.8
θba 86.1 ∅ 86.5
θac ∅ 56.8 ∅
4B=0 B≠0 Trivial B≠0 Non-Trivial(a) (c)(b)
EF
E
k
C=0
C=0
EF
E
k
EF
E
k
C=1
C=−1
FIG. 2. Schematic diagrams for the mechanism of topological
phase transition induced by the Zeemans coupling. The el-
lipses represent Fermi surfaces in a plane of momentum space.
When there is no magnetic field, the PT symmetry make the
states doubly degenerate indicated by bold curve in (a). In
the presence of magnetic field, the Zeemans coupling splits the
degenerate states and Fermi surfaces split into two. For some
directions of magnetic field, the Chern Number of both Fermi
surfaces are zero as shown in (b) and there is no Weyl point
enclosed by the Fermi surfaces. For other directions of mag-
netic field, the Fermi Surfaces have opposite non-zeros Chern
Number as shown in (c) and there is a Weyl point enclosed
by the Fermi surfaces. Here we only plot the most common
and simple case.
IV. IN-PLANE HALL EFFECT AND FIELD
INDUCED TOPOLOGICAL METALS
In the presence of magnetic field, the Zeeman effect
splits the degenerate states into |Ψ±(k)〉 with splitting
energy ±∆z. The Chern Numbers defined on each split-
ted Fermi surface are well-defined topological invariances
that characterize the topological nature of that particu-
lar metal under magnetic field, which can be expressed
as.
C± = 1
2pi
∫
FS
dS · F±(k) (10)
We can calculate the Chern Numbers of all the Fermi
Surfaces with Willson loop method after including the
Zeeman effect described by the g-factor tensor introduced
previously. It is easy to prove that such FS Chern num-
bers will be only determined by the direction of the field
and in general they can vary with the field direction,
which defines the “topological phase transition” on the
FS. A schematic plot of Zeeman effect induced non-zero
Chern Number on FS is shown in Fig.2. Theoretically,
classifications of topological metals with PT symmetry
has been studied in Ref.[35]. Experimentally, the nonzero
Chern numbers on FS will lead to similar chiral anomaly
phenomena[24, 26] and negative longitudinal magneto-
resistance[36, 37], which has been observed already in
some of these materials[25, 38].
Another way to manifest the Zeeman effect induced
Berry phase and curvature on the FS is to look at the
anomalous Hall effect, which is the Hall effect caused not
by Lorentz force but the Zeeman induced Berry curva-
ture around the FS. In order to minimize the interference
from the Lorentz force, which exists for generic setup, it
is better to apply the field within the plane of the ex-
perimental setup for the Hall measurement. Generally,
anomalous Hall coefficient(AHC) can be expressed by the
integral of Berry curvature over the Brillouin zone[8, 39]
as
σij = −εijk e
2
~
∑
n
∫
BZ
d3k
(2pi)3
f(n(k))F
k
n (k) (11)
Here, F kn (k) represent the Berry curvature of the nth
band in k direction at k wave vector and εijk is the Levi-
Civita notation. At zero magnetic field, the two degen-
erate states with opposite Berry curvature will be always
both occupied or unoccupied and their contribution will
cancel each other. With the presence of magnetic field,
the Zeeman effect will split these states and the net con-
tribution to the AHC comes from a thin shell near the
FS where only one of these otherwise degenerate states
is occupied. Using the k-dependent g-factor tensor intro-
duced above, we can express the AHC as σij = λij(eB)B,
where
λij(eB) = −εijk e
3
me
∫
FS
dS
(2pi)3
√|det[gˆ(k) · eB ]|
χ|∇k(k)| F
k
+(k)
(12)
Here, B is the strength of the magnetic field, F k+(k) rep-
resents the Berry curvature of splitted state |Ψ+(k)〉 and
the definition of χ, eB and (k) is same as Eq.(8). In par-
ticular, if the direction of magnetic field eB is in the ij
plane, we will get the in-plane AHC, in which the voltage,
current and magnetic field are all in the same plane.
In the present study, we take TaAs2, an topological
trivial semimetal with a number of tiny Fermi pockets, as
a typical material example for the Zeeman effect induced
FS Chern number and in-plane anomalous Hall effect.
TaAs2 crystallizes[40] in monoclinic structure with cen-
trosymmetric space group of C2/m(No.12) as shown in
Fig.3(a). It has a binary axis (two-fold rotation symme-
try) along y direction and a mirror plane perpendicular
to y direction. We performed the first principle calcu-
lations by using the generalized gradient approximation
(GGA) for the exchange-correlation functional with the
Vienna ab-initio simulation package(VASP). The cutoff
energy for basis set is 400 eV and k-point sampling grid
is 9× 9× 7.
The calculated electronic structure of TaAs2 are shown
in Fig.3(c)(d). Without SOC, the band structure of
TaAs2 contains a number of nodal lines, which is sim-
ilar with TaAs. When the SOC is turned on, due to the
presence of inversion symmetry, a complete gap will be
opened on all the line nodes and the band structure has
been checked to be completely trivial in contrast to its
cousin TaAs. Since the conduction and valence bands are
still overlapping after including the SOC, TaAs2 becomes
a typical trivial semimetal with compensating electron
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FIG. 3. Crystal structure, Brillouin zone and Band structure.
(a) Crystal structure of TaAs2[40] (b) The first Brillouin zone
for TaAs2. The yellow plane shows the position of mirror
plane and high symmetry points is indicated by blue dot.
(c),(d) Band structure for TaAs2 without SOC (c) and with
SOC (d). From this we can find two electron-like pockets and
one hole-like pocket.
Hole-1
Ele-1
Hole-2 Ele-2
FIG. 4. Fermi Surfaces in the first Brillouin zone. According
to the symmetry, there are 4 nonequivalent Fermi Surfaces in
the first Brillouin zone. Two of them indicated in green are
electron-like. The others indicated in red are hole-like.
and hole pockets. Around each pockets, the effective k
·p models are 4×4 and can be generically described by a
anisotropic Dirac equations with tiny mass terms (com-
paring to the chemical potential) leading to strong mixing
between the conduction and valence bands near the band
minimum(maximum), which is the microscopic origin for
the strong k-dependent g-factor tensor. The Fermi sur-
face plot in Fig.4 clearly shows that totally there are nine
FS in the first Brillouin zone, which can be divided into
four non-equivalent types according to the crystal sym-
metries. From the first principle results, we can construct
the second order k·p model Hamiltonian near the centers
of each FS together with the k-dependent g-factor ten-
sor, with which the FS Chern numbers after the Zeeman
splitting have been calculated and shown in Fig.5. (De-
tails of our calculations are given in Appendix B) We
find that indeed there are topological phase transitions
in this material when we vary the direction of magnetic
field. Please be noticed that the zero Chern Number of
Hole-1 for all field directions is ensured by the inversion
symmetry. For those FS with nonzero Chern numbers
under the magnetic field, we have confirmed that there
are Zeeman effect induced Weyl points enclosed within
these FS. These Weyl points may contribute to nega-
tive magneto-resistance which has already been found in
TaAs2[41, 42]
x y
z
Ele-1 Ele-2
Hole-1 Hole-2
x y
z
x y
z
x y
z
(a) (b)
(c) (d)
FIG. 5. The Chern Number of 4 non-equivalent Fermi Surface
under different magnetic field directions. Directions of mag-
netic field are represented by points on the unit sphere. Chern
Number=1 is indicated in green and Chern Number=−1 is
indicated in blue. Here we plot the Chern Number of Fermi
surface states |Ψ+(k)〉. The other one |Ψ−(k)〉 must has the
opposite Chern Number. They are in accordance with the
symmetry possessed by the Fermi surface. As a result of in-
version symmetry possessed by Hole-1, the Chern number is
zero for all magnetic field directions shown in (c).
We also calculated the in-plane anomalous Hall coeffi-
cients of TaAs2 in xy, yz and zx planes. By considering
the crystal symmetries, the only allowed in-plane anoma-
lous Hall coefficients are λxy(eˆx) and λyz(eˆz), which are
plotted in Fig.6 as the function of chemical potential.
We find that significant magnitude of in-plane anoma-
lous Hall effect can be realized in TaAs2. Interestingly,
the sign of such in-plane anomalous Hall coefficient keeps
unchanged even when the carrier type changes from n to
p as the function of chemical potential, which is quali-
tatively different with the ordinary Hall effect caused by
Lorentz force.
V. SUMMARY
In summary, we have proposed that the Zeeman ef-
fect caused by the external magnetic field can be in gen-
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FIG. 6. In-plane anamolous Hall coefficient of TaAs2 as the
function of chemical potential. The In-plane anamolous Hall
coefficient in xy plane λxy(eˆx) is indicated in blue line and
coefficient in yz plane λyz(eˆz) is indicated in red line.
eral described by k-dependent g-factor tensor, which can
be also viewed as the effective low energy Hamiltonian
on the FS of central symmetric metals. The topolog-
ical features hidden in such g-factor tensor can mani-
fest themselves by generating additional Zeeman effect
induced Berry’s phase for Landau orbits, in-plane Hall
effect and even nonzero Chern numbers on Zeeman split-
ted FS. All these exotic effects are demonstrated on two
of the typical materials, ZrTe5 and TaAs2, by means of
first principle calculations indicating that the effects pro-
posed in the present study should widely exist in metals
with inversion symmetry and strong SOC.
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Appendix A: The PT symmetry
Generally for a nonmagnetic centrosymmetric crystal,
the representation of operation P and T can be written
as following
P|ψ1(k)〉 = |ψ2(−k)〉 P|ψ2(k)〉 = |ψ1(−k)〉 (A1)
T |ψ1(k)〉 = |ψ2(−k)〉 T |ψ2(k)〉 = −|ψ1(−k)〉 (A2)
Hence for little group at any wave vector k there is at
least one generator named PT , and the representation is
PT |ψ1(k)〉 = |ψ2(k)〉 PT |ψ2(k)〉 = −|ψ1(k)〉 (A3)
or equivalently in matrix form
D(PT ) =
(
0 −1
1 0
)
(A4)
where PT |ψi(k)〉 = |ψj(k)〉Dji(PT ). Under an unitary
transformation U ∈ U(2), the representation of D(PT )
transforms as following
D′(PT ) = U†D(PT )U∗ (A5)
where |ψ′i〉 = |ψj〉Uji. Here we want to emphasize that
the conjugate operation in Eq.(A5) comes from the an-
tiunitary property[43] of time reversal operator T . Fur-
thermore, we can divide the U(2) matrix U into SU(2)
part and U(1) part as
Uˆ = eiθ exp
(
i
∑
i
σi
2
ωi
)
(A6)
By taking Eq.(A6) into Eq.(A5) and applying anticom-
mutation relation of Pauli matrix, we get
D′(PT ) = e−2iθD(PT ) (A7)
Which means that the SU(2) part of the unitary trans-
formation do not change the representation of PT . Gen-
erally because we want the representation of PT is in-
dependent of k, θ should be k independent and ω could
be k dependent. Hence that is where the SU(2) gauge
(SU(2) Berry connection and SU(2) Berry curvature)
comes from.
The Zeeman’s coupling Hˆz(k) =
∑
i di(k)σi fix the
SU(2) gauge Uˆ(k) which diagonalize the Zeeman’s cou-
pling
Uˆ =
(
cos θd2 −e−iφd sin θd2
eiφd sin θd2 cos
θd
2
)
(A8)
where
cos θd =
dz
|d| e
iφd =
dx + idy√
d2x + d
2
y
(A9)
By applying the antiunitary property and representation
of PT , we can prove that
A1(k) = i〈ψ1(k)|∂kψ1(k)〉 = i〈PT ∂kψ1(k)|PT ψ1(k)〉
= i〈∂kPT ψ1(k)|PT ψ1(k)〉 = i〈∂kψ2(k)|ψ2(k)〉
= −i〈ψ2(k)|∂kψ2(k)〉 = −A2(k)
Hence the Berry curvature
F1(k) =∇k ×A1(k) = −∇k ×A2(k)
= −F2(k) (A10)
By saying the k·p Hamiltonian satisfy the PT symme-
try, we mean PT H(k) = H(k)PT which in matrix form
means that
D(PT )Hˆ∗(k) = Hˆ(k)D(PT ) (A11)
Similarly the Zeeman’s coupling satisfy the PT symme-
try means that
D(PT )gˆ∗(k) = −gˆ(k)D(PT ) (A12)
Here the minus sign comes from that under PT operation
the magnetic field reverse the direction B → −B
7Appendix B: The k·p Hamiltonian and 2×2 g-factor
tensor gˆ(k) calculations
Now we discuss the first principle calculation of non-
magnetic centrosymmetric semimetals specifically. To
balance the accuracy and the efficiency of the calculation
we take the two-step down folding process as introduced
below.
As shown in Eq.(6), the gˆ(k) is inversely proportional
to the energy difference m − l between the low-energy
subspace and the high-energy subspace. And as shown
in Fig.3(d), for semimetals like TaAs2, the FS contains a
number of electron or hole pockets, which are called “val-
leys” in this paper. For each valley, we can choose the
lowest conduction and highest valence bands as the low-
energy subspace (all the rest bands as the high-energy
subspace) for the first step and construct the 4×4 k·p
model near the valley center K. Since within each val-
ley, the average energy distance between the high energy
and low energy bands are much bigger than the band
dispersion, we can safely approximate the g-factor tensor
by a k independent constant for the 4×4 model.
Here, in particular, we take the representation of the
PT as following
D(PT ) =
0 −i 0 0i 0 0 00 0 0 i
0 0 −i 0
 (B1)
By applying Eq.(A11), we find that the Hamiltonian has
the following form
Hˆ(k) = Ω(k) +
(
∆(k) Λµ(k)σµ
Λµ(k)σ
†
µ −∆(k)
)
(B2)
where Ω(k), ∆(k) and Λµ(k) are real functions of k,
µ = 0, 1, 2, 3 and σµ are Pauli matrixes except σ0
σ0 = i
(
1 0
0 1
)
(B3)
And for f = Ω,∆,Λµ the k dependence has the following
form
f(k) = f (0) +
∑
i
f
(1)
i ki +
∑
ij
f
(2)
ij kikj (B4)
The corresponding 4×4 g-factor matrix has the following
form (Here we have included the spin contribution in the
low-energy subspace and orbital contribution from the
high-energy subspace)
gˆ(4) =

ga gb + igc ge + igf gg + igh
gb − igc −ga −gg + igh ge − igf
ge − igf −gg − igh gl gm + ign
gg − igh ge + igf gm − ign −gl

(B5)
The corresponding parameters for ZrTe5 are summarized
in Ref.[3] and parameters for TaAs2 are summarized in
Table.II and Table.III. All these parameters are obtained
by first principle calculation introduced in the main text
and Ref.[3].
The eigenvalues of k·p Hamiltonian is
±(k) = Ω(k)±
√
∆(k)2 +
∑
µ
Λµ(k)2 (B6)
And the unitary transformation which can diagonalize
the k·p Hamiltonian is
Vˆ (k) =
√ −−Ω+∆2(−−Ω)

(
1 0
0 1
)
1
−−Ω+∆
(
Λ3 − iΛ0 Λ1 − iΛ2
Λ1 + iΛ2 −Λ3 − iΛ0
)
√ +−Ω−∆2(+−Ω)

1
+−Ω−∆
(
Λ3 + iΛ0 Λ1 − iΛ2
Λ1 + iΛ2 −Λ3 + iΛ0
)
(
1 0
0 1
)

 (B7)
Now we take the second down folding process. Around
any wave vector k, the k·p Hamiltonian in linear approx-
imation transformed by the unitary transformation Vˆ (k)
at k has the following form
H˜mm′(k + ∆k) = Vˆ (k)
†H(k + ∆k)Vˆ (k) (B8)
= m(k)δmm′ + v˜mm′(k) ·∆k (B9)
where v˜(k) = Vˆ †(k)∂Hˆ(k)∂k Vˆ (k), 1,2 = −(named hole-
like bands), 3,4 = +(named electron-like bands). Then
the g-factor for hole-like (electron-like) bands contributed
by the electron-like (hole-like) bands can be calculated
8TABLE II. Parameters of k·p Hamiltonian for TaAs2
Ele-1 Ele-2 Hole-1 Hole-2 Ele-1 Ele-2 Hole-1 Hole-2
Ω(0) −0.27 −0.15 0.37 0.19 Λ(1)2,3 0.00 0.00 0.28 −2.03
Ω
(1)
1 −0.00 −0.00 −0.00 −0.46 Λ(1)3,1 0.26 0.78 −0.00 −0.64
Ω
(1)
2 −0.74 −0.86 0.00 −0.80 Λ(1)3,2 −0.00 −0.00 −0.65 −0.75
Ω
(1)
3 0.00 −0.00 −0.00 −0.45 Λ(1)3,3 0.36 −3.33 0.00 −1.02
Ω
(2)
11 −3.31 3.39 −0.41 −3.52 Λ(2)0,11 −10.96 −0.62 −0.00 1.81
Ω
(2)
12 ,Ω
(2)
21 0.00 0.00 −0.00 1.55 Λ(2)0,12,Λ(2)0,21 0.00 0.00 −0.00 −2.24
Ω
(2)
13 ,Ω
(2)
31 7.21 0.79 1.26 2.67 Λ
(2)
0,13,Λ
(2)
0,31 1.89 −0.34 0.00 3.08
Ω
(2)
22 10.45 −4.24 −28.23 −1.67 Λ(2)0,22 −8.07 2.59 −0.00 −1.55
Ω
(2)
23 ,Ω
(2)
32 0.00 −0.00 0.00 1.20 Λ(2)0,23,Λ(2)0,32 0.00 −0.00 −0.00 −0.58
Ω
(2)
33 4.06 3.56 −0.18 6.32 Λ(2)0,33 −5.74 −0.06 −0.00 6.01
∆(0) −0.07 −0.09 −0.22 −0.10 Λ(2)1,11 −0.00 −0.00 −0.00 −1.35
∆
(1)
1 −0.00 0.00 −0.00 0.46 Λ(2)1,12,Λ(2)1,21 7.81 1.02 −0.00 0.40
∆
(1)
2 −0.74 −0.88 −0.00 0.80 Λ(2)1,13,Λ(2)1,31 0.00 0.00 −0.00 −1.31
∆
(1)
3 0.00 −0.00 −0.00 0.45 Λ(2)1,22 −0.00 −0.00 0.00 −1.69
∆
(2)
11 −4.13 0.46 0.56 0.14 Λ(2)1,23,Λ(2)1,32 2.33 −0.93 −0.00 −0.44
∆
(2)
12 ,∆
(2)
21 0.00 −0.00 −0.00 1.43 Λ(2)1,33 0.00 −0.00 −0.00 −3.71
∆
(2)
13 ,∆
(2)
31 0.30 −0.03 5.10 −0.26 Λ(2)2,11 −3.67 −1.52 −0.00 −0.08
∆
(2)
22 −3.05 0.29 21.01 0.77 Λ(2)2,12,Λ(2)2,21 0.00 −0.00 0.00 −2.53
∆
(2)
23 ,∆
(2)
32 −0.00 −0.00 0.00 0.42 Λ(2)2,13,Λ(2)2,31 1.21 −1.26 0.00 −0.71
∆
(2)
33 −2.45 −0.04 −1.22 −2.29 Λ(2)2,22 −1.23 7.13 −0.00 −2.15
Λ
(1)
0,1 −0.00 −0.00 −3.27 −0.44 Λ(2)2,23,Λ(2)2,32 0.00 0.00 0.00 −1.85
Λ
(1)
0,2 −1.22 0.83 0.00 −1.94 Λ(2)2,33 0.47 −1.15 −0.00 1.32
Λ
(1)
0,3 0.00 −0.00 −0.85 1.88 Λ(2)2,11 0.00 0.00 −0.00 1.32
Λ
(1)
1,1 0.35 −0.49 −0.00 −0.14 Λ(2)3,12,Λ(2)3,21 1.32 −1.94 0.00 −1.56
Λ
(1)
1,2 0.00 0.00 −0.06 0.28 Λ(2)3,13,Λ(2)3,31 −0.00 −0.00 0.00 0.20
Λ
(1)
1,3 0.14 2.17 0.00 −0.73 Λ(2)3,22 −0.00 −0.00 −0.00 −0.70
Λ
(1)
2,1 0.00 −0.00 0.03 −0.79 Λ(2)3,23,Λ(2)3,32 0.73 1.70 0.00 −1.17
Λ
(1)
2,2 0.47 2.81 −0.00 −1.00 Λ(2)3,33 0.00 0.00 0.00 1.59
TABLE III. Parameters for 4× 4 g-factor for TaAs2
Ele-1 Ele-2 Hole-1 Hole-2 Ele-1 Ele-2 Hole-1 Hole-2
ga1 −0.71 −0.28 −0.60 0.28 gg1 0.00 −0.00 −0.00 0.10
ga2 −0.00 0.00 −0.00 −0.08 gg2 −1.50 −0.24 0.00 −0.41
ga3 −0.64 0.44 −0.88 0.12 gg3 0.00 −0.00 −0.00 −0.44
gb1 0.06 −0.07 0.46 0.03 gh1 0.42 −0.17 −0.00 0.06
gb2 0.00 −0.00 0.00 0.12 gh2 −0.00 0.00 −0.00 −0.74
gb3 −1.63 0.45 −0.63 −0.44 gh3 0.70 −0.93 −0.00 0.63
gc1 0.00 0.00 −0.00 −0.93 gl1 0.25 0.64 0.21 0.44
gc2 −0.25 −0.17 0.97 0.76 gl2 0.00 −0.00 −0.00 0.78
gc3 0.00 −0.00 0.00 0.70 gl3 −0.59 −0.15 −2.06 0.93
ge1 0.00 0.00 0.00 −0.02 gm1 −0.54 1.82 0.72 −0.05
ge2 0.04 −0.92 −0.00 −0.17 gm2 −0.00 0.00 0.00 −0.10
ge3 0.00 0.00 0.00 −0.39 gm3 −1.37 0.42 −1.43 0.03
gf1 −0.81 0.18 −0.00 −0.07 gn1 −0.00 0.00 −0.00 −0.41
gf2 −0.00 0.00 0.00 0.53 gn2 −0.75 0.17 0.91 −0.86
gf3 0.08 −0.45 −0.00 0.60 gn3 −0.00 −0.00 −0.00 −0.30
9with Eq.(6) as following which is k dependent
gˆ
(2)
pp′(k) =
ime
~2
χ
+ − −
∑
q,ijk
v˜pq,i(k)v˜qp′,j(k)εijkek
(B10)
where, for electron-like bands, χ = −1, p, p′ = 3, 4 and
q = 1, 2; for hole-like bands, χ = 1, p, p′ = 1, 2 and
q = 3, 4. Hence the total g-factor is
gˆpp′(k) = gˆ
(2)
pp′(k) +
∑
mm′
Vˆ †pm (k) gˆ
(4)
mm′Vm′p′ (k) (B11)
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